We propose a novel cross resonant optical antenna consisting of two perpendicular nanosized gold dipole antennas with a common feed gap. We demonstrate that the cross antenna is able to convert propagating fields of any polarization state into correspondingly polarized, localized, and enhanced fields and vice versa. The cross antenna structure therefore opens the road towards the control of light-matter interactions based on polarized light as well as the analysis of polarized fields on the nanometer scale. DOI: 10.1103/PhysRevLett.102.256801 PACS numbers: 73.20.Mf, 68.37.Uv, 78.67.Àn, 84.40.Ba Polarized photons represent a fundamental probe to study the behavior of electrons in matter at optical frequencies, since they induce transitions that can be analyzed in terms of selection rules based on parity and angular momentum conservation. Optical fields with a welldefined polarization state are therefore of primary importance in many spectroscopic and microscopy applications [1] . For example, optical techniques widely used in solid state physics, like ellipsometry [1] or magneto-optical Faraday and Kerr effects [2] , require the use of polarized laser beams, and sources of polarized single photons represent one of the building blocks of many quantum information processing concepts [3] . Nonlinear optical effects, such as second-harmonic generation, are also strongly polarization dependent [4, 5] . The envisaged scaling down of all such applications to subdiffraction interaction volumes, as required by the ever-growing interest in nanostructured materials, will rely upon the availability of efficient sources of localized and enhanced polarized fields.
Polarized photons represent a fundamental probe to study the behavior of electrons in matter at optical frequencies, since they induce transitions that can be analyzed in terms of selection rules based on parity and angular momentum conservation. Optical fields with a welldefined polarization state are therefore of primary importance in many spectroscopic and microscopy applications [1] . For example, optical techniques widely used in solid state physics, like ellipsometry [1] or magneto-optical Faraday and Kerr effects [2] , require the use of polarized laser beams, and sources of polarized single photons represent one of the building blocks of many quantum information processing concepts [3] . Nonlinear optical effects, such as second-harmonic generation, are also strongly polarization dependent [4, 5] . The envisaged scaling down of all such applications to subdiffraction interaction volumes, as required by the ever-growing interest in nanostructured materials, will rely upon the availability of efficient sources of localized and enhanced polarized fields.
In this context, subwavelength apertures at the apex of metal-coated tapered fibers so far have been among the most used probes in scanning near-field optical microscopy (SNOM). However, fiber-based aperture probes suffer from very low throughput and strain-induced birefringence effects which can be detrimental for polarization-contrast techniques. Despite such drawbacks, SNOM setups with polarization control and analysis have been successfully implemented, and their application has been demonstrated for, e.g., magneto-optical imaging of magnetic films [6] [7] [8] , polarimetry [9] , linear dichroism mapping [10, 11] , fluorescence circular dichroism for spintronic applications [12] , or single-emitter polarization mapping and control [13] . The use of hollow-pyramid SNOM probes has also been proposed in this context [14, 15] .
Over the last decade, noble metal nanostructures have become key elements for the engineering of enhanced and confined fields, as they combine geometrical effects (e.g., lightning-rod effects) with localized plasmon resonances, giving rise to large local intensity enhancement factors. The nanometer-scale modal volumes of such fields are ideally suited to promote the coupling to nanometer-scale emitters, like single molecules or quantum dots, leading to enhanced fluorescence [16, 17] and spectroscopy [18] . Of particular relevance in this context are resonant optical antennas [19] [20] [21] [22] [23] [24] [25] [26] , since they potentially exhibit very strong localized fields in their feed gap, with local intensities enhanced by factors up to several thousand with respect to the incoming field. So far, mainly linear antennas (C 2v symmetry) have been proposed, either in the form of dipole antennas [19, 24, 25] , bow-tie antennas [20, 21] , or monopole antennas [23] . However, the C 2v symmetry of linear antennas allows only one field component along the antenna axis to be present in the feed gap. Coupling to nanomatter is therefore restricted to transitions with dipole moment projections oriented along the antenna axis. Indeed, it has been recently shown experimentally that, for a single-molecule interacting with a linear optical antenna, the emitted polarization coincides with the antenna main axis rather than with the direction of the emitter transition dipole [27] .
Moreover, a C 2v symmetry rules out experiments involving circularly polarized excitation and emission, which are a requirement for many envisaged applications such as the study of the response of chiral molecules [28] , the study of spin dynamics and circularly polarized luminescence in semiconductor materials and devices for spintronic applications [12] , as well as the scaling down to subdiffraction resolution of recent breakthroughs in optomagnetic bit encoding via the inverse Faraday effect [29] , which would allow ultrafast all-optical writing of nanometer-sized magnetic information.
In this Letter we propose a novel optical antenna configuration with fourfold (C 4v ) symmetry, a cross antenna structure, consisting of two perpendicular dipole antennas with a common feed gap. We show by simulations that a cross antenna is able to confine and resonantly enhance polarized optical fields with high fidelity. Moreover, we demonstrate that the same structure can efficiently radiate polarized waves generated by a single dipole emitter, increasing its emission rate without perturbing its polariza-
The American Physical Society tion pattern. From an experimental point of view, a resonant cross antenna may be structured on top of a flattened atomic-force microscopy tip [30] in order to scan it over a sample of interest. It should be pointed out that, in view of such applications, intensity distributions right outside the feed gap are a realistic description of the actual average intensity experienced by the sample. The proposed concept rests upon the very basic knowledge that any arbitrary polarization state carried by a transverse propagating electromagnetic wave can be decomposed into two linear components, each one with the appropriate amplitude and phase. In this frame, two perpendicular linear antennas, with a common feed gap, are in principle able to sustain two such linear components, which are coherently added in the small volume of the feed gap.
A sketch of the here proposed antenna structure is shown in Fig. 1 . We choose gold as the antenna material and use finite-difference time-domain simulations [31] in order to calculate the response of the cross antenna under excitation with a Gaussian beam or with a dipole source. We consider a wavelength of 800 nm for both far-field illumination and dipole emission, and take the complex permittivity of gold to be " ¼ À26:64 þ i1:66 at this wavelength [32] . It should be stressed that the choice of a particular wavelength is arbitrary, and that the antenna geometry can always be tuned to match the desired resonance frequency, albeit other metals may have more favorable properties at other wavelengths. The antenna is residing on a fused silica substrate (" ¼ 2:11), while the upper half-space is vacuum. The antenna arms have a cross section of 20 Â 20 nm 2 and a tip-to-tip distance (feed gap size) of 10 nm. A three-dimensional mesh of 0:5 Â 0:5 Â 0:5 nm 3 is used for the simulations.
Once the antenna geometry has been chosen, the first step is to find the correct arm length to make the structure resonant at the desired wavelength (800 nm). In order to determine this value, we perform a first set of simulations where the arm length is varied while all other parameters are fixed. The structure is illuminated with a circularly polarized wave, without loss of generality. From the results of each simulation for a particular length, we then extract the field intensity in the feed gap center and take this intensity enhancement factor as a figure of merit for the antenna. In this way, we obtain the graph shown in Fig. 2(a) , from which the resonant length for the two crossed dipole antennas is found to be around 170 nm. All the following simulations are performed using this length value, and the corresponding structure will be referred to as a resonant antenna. The intensity distributions for such an antenna, calculated at midheight of the antenna structure (z ¼
In order to analyze the polarization response of the resonant cross antenna, we explicitly study the relevant case of illumination with circularly polarized light. Figure 3(a) displays again the experimentally relevant total field intensity I after circularly polarized illumination, calculated 5 nm above the upper antenna surface (z ¼ 25 nm). Here we concentrate on the feed gap area where the electromagnetic energy is effectively confined. The performance of a source of circularly polarized photons is usually charac- terized by the figure of merit f ¼ I Â C 2 [33] , where C is the degree of circular polarization, defined for a quasimonochromatic plane wave propagating along the z direction as the ratio between the fourth and the first Stokes parameter [1] , namely,
where hÁi denotes time average, E x ðtÞ and E y ðtÞ are the electric field amplitudes, and ð x À y Þ their phase difference. When the antenna is illuminated by a wave propagating along the substrate normal, longitudinal field components will also be induced in its near field, and their presence must be taken into account as a possible source of background in the experiment. The concept of polarization degree for inhomogeneous waves characterized by a complex wave vector has been discussed previously, and it has been shown that generalized Stokes parameters should be introduced [34] . As we are interested in quantifying how much of the total near-field intensity is circularly polarized in the plane of the cross antenna, a very straightforward modification of C is suggested:
for which jC 0 j < 1 even for a perfect circular polarization in the xy plane, due to the presence of a spurious z component of the electric field. A spatial map for C 0 is calculated in Fig. 3(b) , showing that a very uniform and nearly unitary degree of circular polarization is obtained throughout the whole feed gap area in a region roughly 10 nm in diameter (note that illumination with C ¼ þ1 is used in the simulations). We finally compute an accordingly modified figure of merit f 0 ¼ I Â ðC 0 Þ 2 , which is shown in Fig. 3(c) , confirming that the cross antenna can be used as a local and enhanced source of circularly polarized photons. We would like to mention that numerical results for the same antenna structure show that for the experimentally less relevant midheight position inside the gap (z ¼ 10 nm), part of the field intensity is located in four hot spots very close to the gold arms [see Fig. 3(d)] , where boundary conditions force the fields to be mainly linearly polarized [see Figs. 3(e) and 3(f) ]. Simulation results in the yz plane, showing the development of the field intensity and polarization at different heights in the feed gap, are presented in Ref. [35] .
Finally, we study the emitting properties of the antenna by placing an emitter 5 nm above its upper surface, over the feed gap area. We show that, as opposed to linear antennas [27] , our structure is able to preserve the far-field polarization pattern of an in-plane dipole with high fidelity. In order to analyze the emission properties of the antennacoupled emitter, we record field components in a plane located 5 nm above the dipole, from which far-field patterns are calculated using the asymptotic form of the angular spectrum of plane waves [36] , which we use to project the field onto a sphere of 1 m radius. In Fig. 4(a) we show a sketch of a 30 -oriented in-plane dipole coupled to a resonant linear dipole antenna, together with the two transverse far-field components in polar coordinates, E and E (the antenna is oriented horizontally in the sketch). Simulations confirm that the polarization state in the far field is dictated by the direction of the antenna, rather than by the orientation of the emitting dipole [27] . We now couple the same dipole to a resonant cross antenna. Simulations, reported in Fig. 4(b) , clearly show that the presence of the cross antenna in the near field of the emitter does not perturb the far-field polarization state of emitted waves, in contrast to the situation depicted in Fig. 4(a) . We verified that such results hold independently of the in-plane dipole orientation and of its position in an area roughly 15 nm in diameter. Indeed, when the dipole is displaced horizontally by 8 nm and emission consequently drops by a factor of 5 because of weaker coupling to the antenna, still no significant changes can be seen in the far-field polarization pattern [35] .
The antenna also provides an increase in the dipole emission rate, thanks to its ability to effectively link the antenna near field with the free space. In order to quantify this effect, we calculate and integrate the Poynting vector over the boundaries of the simulation area, with and without the antenna structure. In this way, we estimate an enhancement of the total radiated power by a factor of about 500 thanks to the presence of the resonant cross antenna. An even larger enhancement (about 2500) is found when the dipole is placed at midheight in the gap (z ¼ 10 nm), although at this position the far-field polarization pattern is more sensitive to lateral displacements of the dipole. These enhancement factors compare very well with those found in the literature for simulated optimized linear dipole antennas [37] .
It should be mentioned that, in view of experimental realizations, low-roughness structures must be selected, since near fields associated with imperfections can be detrimental for polarization-contrast techniques and should not extend too far outside the gap.
In conclusion, we have shown that a cross antenna structure, constituted by two perpendicular dipole antennas with a common feed gap, represents an effective way to squeeze polarized optical fields into subwavelength volumes with very large local intensity enhancements. Moreover, the same structure can efficiently radiate polarized waves from a single emitter, strongly increasing the total radiated power without affecting its polarization pattern. We envisage the realization of cross antenna structures by electron-beam lithography or focused ion-beam milling on top of atomic-force microscopy tips, thus providing an efficient scanning probe suitable for applying optical techniques with polarization control and analysis at the nanometer scale.
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